of mechanisms underlying clustering/assembly of re-
ceptors and signaling molecules at excitatory postsynaptic sites in central neurons, little is known about the proteins and mechanisms involved in receptor clustering at excitatory presynaptic sites. As an attempt to study such mechanisms, the identification of interacting proteins with group III mGluRs could provide new elements in the identification of presynaptic proteins specifically involved in receptor clustering/anchoring at the active zone. We thus focused our study on mGluR7a, which is one of the most profusely expressed group III receptors in the brain and for which the in vivo presynaptic aggregation is well established. Using the C-terminal tail of mGluR7a in the yeast two-hybrid system, we identified the PDZ domain-containing protein PICK1 as an mGluR7a interacting protein. We show that the disruption of PICK1-mGluR7a interaction in neurons abolishes the presynaptic clustering of mGluR7a. This study defines a potential role for the PDZ domain-containing protein PICK1 in the distribution of a receptor expressed at presynaptic specializations and extends PDZ protein function to subcellular localization of the G proteincoupled receptor family.
Results

Interaction of PICK1 with the C Terminus of mGluR7a in the Yeast Two-Hybrid System
To identify proteins that may be involved in the subcellular targeting of mGluR7a, we searched for mGluR7a binding proteins by the yeast two-hybrid system. We used two different baits to screen a rat forebrain cDNA library: the whole C-terminal tail of mGluR7a (full tail, amino acids 851-915: 65 residues) or the distal C-terminal tail (distal tail, amino acids 883-915: 33 residues). Three and eight positive clones were isolated encoding overlapping sequences for the protein PICK1 using the the putative carboxylate binding loop of the PICK1 PDZ domain was generated by replacing lysine 27 and aspartic acid 28 with alanines. Mutation of these two residues in PICK1 KD/AA eliminated the interaction with We thus examined whether the last three amino acids of mGluR7a, which fit the hydrophobic motif, participate mGluR7a, indicating that the PDZ domain is essential for mGluR7a binding ( Figure 1B) . PDZ domains typically in the interaction with PICK1. Deletion of the last 3 amino acids LVI abolished the interaction with PICK1, indicatbind short amino acid motifs at the C termini of the interacting protein containing either the S/TXV/I consening that the extreme C terminus of mGluR7a is necessary for mGluR7a-PICK1 interaction ( Figure 1C Figure 1D) . a complex when coexpressed by transfection in the Interestingly, although both mGluR7a and GluR2/3 bind fibroblastic cell line CV1. The cells were transfected with to PICK1, only AMPA receptor was found to interact Myc-tagged mGluR7a in the absence or presence of with GRIP.
Myc-tagged PICK1. Cells were solubilized using 1% TriIn order to compare the relative strength of interaction ton X-100, and the resulting lysate was resolved by SDSbetween PICK1 and mGluR7a versus previously identi-PAGE and immunoblotted with a monoclonal Myc antified PICK1 binding partners, we performed a quantitabody. In cells cotransfected with both Myc-mGluR7a tive ␤-galactosidase assay in the yeast two-hybrid sysand Myc-PICK1 cDNA, these two proteins were detem using mGluR7a, PKC␣, GluR2, and GluR3 as baits.
tected by immunoblot ( Figure 2C ). PICK1 migrated at As shown in Figure 1E , positive clones expressing PICK1 the reported molecular weight of 55 kDa (Staudinger et and mGluR7a, GluR2, or GluR3 exhibited a similar level al., 1997; Xia et al., 1999) . When the solubilized cell of ␤-galactosidase activity, whereas activity was aphomogenate was immunoprecipitated with a polyclonal proximately three times weaker for PKC␣.
PICK1 antibody, Myc-mGluR7a was coimmunoprecipitated with Myc-PICK1, indicating that mGluR7a and PICK1 were associated when coexpressed in the same Biochemical Characterization of mGluR7a Two distinct molecular forms of 100 and 200 kDa for cells ( Figure 2C ). In contrast, when cells were transfected with Myc-mGluR7a alone, mGluR7a protein was mGluR7a were detected by immunoblot in rat brain, even in the presence of reducing agents (100 mM dithionot detected in the immunoprecipitate, indicating the specificity of the coimmunoprecipitation. Moreover, threitol or 2% 2-mercapto-ethanol) and after heating (60ЊC) or boiling the samples prior to loading on SDSwhen the mutant receptor Myc-mGluR7a⌬3 was coexpressed with Myc-PICK1, no receptor was detected in PAGE. The proportion of these two forms was dependent on the solubilization procedures (Figure 2A ). These the immunoprecipitate ( Figure 2C) . Similarly, when MycmGluR7a was coexpressed with the PDZ mutant Myctwo forms were similarly detected after solubilization in Laemmli buffer containing 2% SDS (or up to 5% SDS), as PICK1-KD/AA, mGluR7a was not coimunoprecipitated. These data indicate that mGluR7a coimmunoprecipitapreviously described in neurons as well as in transfected cell models (Shigemoto et al., 1997; Kosinski et al., 1999) . tion with PICK1 is dependent on the interaction between the last 3 amino acids of mGluR7a and the PDZ domain Reduction of SDS to 0.5% resulted in a decrease in amount of the 100 kDa form and an increase in amount of PICK1, confirming the yeast two-hybrid results (Figure 2C ). of the 200 kDa form. When SDS was omitted in the solubilization buffer, but replaced by 1% Triton X-100, To further confirm and characterize the interaction between mGluR7a and PICK1, we tested the effects of only the 200 kDa form of mGluR7a was detected by immunoblot, despite the addition of up to 5% SDS bedifferent expression ratios and addition of singly expressing lysates on the coimmunoprecipitation. In these fore loading the samples on the SDS-PAGE gel. Since the molecular weight of mGluR7a deduced from its nuexperiments ( Figure 2D ), mGluR7a and Myc-PICK1 were singly or coexpressed, subjected to precipitation with cleotide sequence is 102 kDa (Okamoto et al., 1994), one possibility is that the high molecular weight compoMyc antibody, and immunoblotted for precipitated PICK1 and coprecipitated mGluR7a. Coexpression renent of mGluR7a results from a high degree of receptor glycosylation. To test this possibility, membrane hosulted in coprecipitation, and although the overall precipitation efficiency was low, the finding that similar mogenates from rat brain as well as from CV1 cells transfected with mGluR7a cDNA were treated with the percentages of input mGluR7a and PICK1 were coprecipitated suggests that many of the expressed proteins peptide N-glycosidase F (PNGaseF), an enzyme that cleaves the N-linked glycosidic moiety of proteins. Deare associated (see densitometric analysis in Figure 2D ). Furthermore, the degree of association could be varied glycosylations were performed in a buffer containing 0.5% SDS. As shown in Figure 2B , the same immunoreby changing the proportions of the cotransfected expression constructs. We used the coIP mGluR7a/IP active bands were detected in rat brain and in mGluR7a-expressing CV1 cells. Deglycosylation resulted in a shift PICK1 densitometric ratio as a coIP index reflecting the degree of association between mGluR7a and PICK1. At of the molecular weight to 90 and 190 kDa from the low and high molecular weight forms, respectively. These an expression ratio of 1/4 mGluR7a/Myc-PICK1 cDNA, this coIP index value was 4.2. By inverting the expresobservations imply that glycosylation of the mGluR7a receptor accounts for only 10% of its apparent molecusion ratio to 4/1, the coIP index value increased to 32.0. These data indicate that at an expression ratio of 4/1, lar weight. Therefore, as shown for other mGluRs (Romano et al., 1996) as well as other GPCRs (Hebert et a higher proportion of PICK1 was associated with mGluR7a, suggesting that PICK1 was expressed in exal., 1996; Cvejic and Devi, 1997; Bai et al., 1998), the 200 kDa form likely corresponds to a dimer of mGluR7a cess compared to mGluR7a in the 1/4 cDNA ratio condi- (E) mGluR7a is coimmunoprecipitated with PICK1 from rat brain. Rat brain membrane homogenates solubilized in 1% Triton X-100 were immunoprecipitated with PICK1 antibody. The immunoprecipitates were resolved by SDS-PAGE and probed with mGluR7a antibody. mGluR7a was detected in the immunoprecipitates only in the presence of PICK1 antibody. We were unable to assay for precipitated PICK1 since precipitating antibody comigrates at 55 kDa with PICK1 and is recognized by the secondary anti-rabbit antibody. tion and that increasing the expression of mGluR7a insame coimmunoprecipitation procedure performed after mixing Myc-PICK1 lysate with mGluR7a lysate resulted creased the amount of mGluR7a-PICK1 complex. In this instance, although the efficiency of total precipitation in similar precipitation of PICK1 but no coprecipitation of mGluR7a. Thus, the coimmunoprecipitation experiwas still low, mGluR7a was strongly associated with precipitated PICK1. These results are consistent with ments reflect formation of the complex in the cells prior to dissociation and not subsequent association in the the apparent high degree of association of PICK1 and mGluR7a observed by immunofluorescence (Figure 3) . detergent lysate. To determine whether mGluR7a and PICK1 interact We next determined whether complex formation could occur in the lysate or be affected by mixing excess in vivo, rat brain homogenates solubilized in 1% Triton X-100 were immunoprecipitated with a polyclonal PICK1 mGluR7-expressing cell lysate or excess PICK1-expressing cell lysate with the coprecipitation reaction. Addition antibody, and the immunoprecipitates were analyzed by immunoblot using a polyclonal mGluR7a antibody. As of excess Myc-PICK1 lysate decreased the coprecipitation of mGluR7a, presumably by competition of the exshown in Figure 2E , mGluR7a was detected in the immunoprecipitate only when PICK1 antibodies were precoucess Myc-PICK1 against the Myc-PICK1-mGluR7a complex for binding to the Myc antibody-coated beads.
pled to the protein A-sepharose beads. Thus, mGluR7a is associated with PICK1 in vivo. However, addition of excess mGluR7a lysate had no significant effect on the coprecipitation, even though the above results indicated that PICK1 is in excess in
Coclustering of PICK1 and mGluR7a Receptors in Heterologous Systems this coprecipitation lysate (using the 1/4 mGluR7a/Myc-PICK1 cDNA ratio). This observation suggests that the To examine whether PICK1 might affect the localization of mGluR7a expressed in a heterologous expression mGluR7a-PICK1 complex only formed when both proteins were coexpressed in the same cell. Indeed, the system, we compared in CV1 cells the immunocyto- PICK1 were both raised in rabbit, hampering a direct macroscopic clustering of mGluR7a and (2) mGluR7a and PICK1 were both localized at excitatory synaptic double labeling of these two proteins. We thus compared their distribution relative to different synaptic sites, we postulated that PICK1 might be involved in the synaptic aggregation mechanisms of mGluR7a at markers. As shown in Figure 4 , 1999) , we switched to lipid-mediated determine if the mGluR7a-and PICK1-positive synapses were excitatory or inhibitory, double-labeling experitransfection methods to obtain variable-level long-term expression. However, even with methods generating ments were conducted with a glutamic acid decarboxylase (GAD) antibody, a marker for the GABAergic nerve moderate expression levels for 2 weeks, although MycmGluR7a was efficiently targeted to the neuronal plasma terminals that correspond to the inhibitory synapses present in the hippocampal culture system. No overlap membrane, this receptor was homogeneously distributed along the axonal and somatodendritic domains was observed between either mGluR7a or PICK1 and GAD-positive terminals, indicating that both mGluR7a without any enrichment at specific membrane microdomains (data not shown). We then tested whether the and PICK1 are preferentially targeted to excitatory synapses (Figure 4) . presence of the Myc epitope in the N-terminal domain of mGluR7a could prevent receptor clustering. Wild-type mGluR7a, without the Myc sequence, was transfected Disruption of the Interaction between PICK1 and mGluR7a Abolishes the Formation of mGluR7a into cultured neurons at the time of plating and visualized after 2 weeks with an mGluR7a antibody. As shown Synaptic Clusters in Hippocampal Neurons Given the following observations: (1) the coexpression of in Figure 5A , recombinant wild-type mGluR7a receptors exhibited a highly punctate pattern of immunoreactivity mGluR7a and PICK1 in a heterologous system induced a along nerve processes, indicating that the Myc epitope ing of mGluR7a with the synaptic marker SV2 showed that the majority of the recombinant mGluR7a receptor introduced 3 residues past the predicted signal sequence of mGluR7a prevented synaptic clustering. A clusters were localized at synaptic sites ( Figures 5A and  6 ). These synaptic clusters were profusely and excluhypothesis to explain the default of clustering observed for the Myc insertion could be inhibition of in situ sively associated with solitary thin processes far removed from any transfected neuronal cell bodies, runmGluR7a dimerization, which might be a mandatory step for presynaptic clustering.
ning for a long distance over nontransfected cell bodies and dendrites, suggesting that the receptors were We thus conducted the following experiments by expression of non-Myc-mGluR7a constructs. The distributargeted to presynaptic terminals ( Figure 5A ). Double immunocytochemical localization of the transfected tion of the recombinant wild-type mGluR7a was studied in cultured neurons between 11 and 16 days in vitro by mGluR7a receptors with the dendritic marker MAP2 showed clearly that receptor clusters were associated immunofluorescence techniques using the anti-mGluR7a antibody, which also reacted with the endogenously exwith MAP2-negative nerve processes, thus defined as axons ( Figure 5B ). Recombinant mGluR7a immunostainpressed receptors. Quantitative analysis showed that the fluorescence intensity and size of the recombinant ing was also detected over neuronal cell bodies and dendrites ( Figure 5C) . Contrasting with what was obmGluR7a clusters were on average three and six times higher, respectively, than for the endogenous receptor, served in axons, mGluR7a immunoreactivity was diffusely distributed in the somatodendritic domain of allowing therefore an unambiguous detection of the transfected mGluR7a ( Figure 5AЈ ). Double immunostaintransfected neurons and was of weak intensity, sug- gesting that the transfected mGluR7a receptors were with the synaptic marker SV2 showed no correspondence between mGluR7a⌬3-expressing axonal portions primarily transported to axonal processes. The characterization of mGluR7a-immunoreactive processes was and the presence of synapses. Thus, the deletion of the last 3 amino acids of mGluR7a prevented the synaptic further analyzed by coexpression of mGluR7a with a membrane-bound form of GFP (designated as mGFP, aggregation of the receptor, but not its axonal targeting. Since the immunocytochemical procedure for receptor it contains the GAP-43 membrane anchoring signal; Moriyoshi et al. 1996). The coexpression of mGFP confirmed detection relied on the use of an intracellular-targeted mGluR7a antibody requiring cell permeabilization, we the axonal nature of nerve fibers bearing mGluR7a puncta based on their morphological features and ensured were not able to directly demonstrate that the transfected receptors were expressed at the cell surface. As the well-preserved morphology of the transfected cells. As shown in Figure 6A , clusters of transfected mGluR7a explained above, the N-terminal Myc-tagged receptors could not be used for presynaptic clustering studies but colocalized with endogenous SV2 in healthy mGFP-labeled axons, indicating that the mGluR7a cluster formacould be used as a control to determine the efficiency of cell surface expression. Nonpermeabilized neurons tion at presynaptic sites resulted from a precise targeting mechanism.
transfected with Myc-mGluR7a⌬3 were immunolabeled with a Myc antibody to visualize plasma membraneUsing the same approach, the distribution of the mutant mGluR7a⌬3 was analyzed in cultured hippocampal associated receptors. The mutant receptors were expressed at the neuronal plasma membrane similar to neurons by cotransfecting mGluR7a⌬3 and mGFP cDNA. As observed for the wild-type mGluR7a, the Myc-wild-type mGluR7a (data not shown), suggesting that the deletion of the last 3 amino acids did not mGluR7a⌬3 receptors were efficiently targeted to axons. However, contrasting with the recombinant wildaffect the transport of the receptors to the cell surface. type and endogenous receptor distributions, the mutant mGluR7a⌬3 receptor immunoreactivity was not concenDiscussion trated at synaptic sites, but exhibited rather a more diffuse pattern, distributed in large stretches along axoThis study identified the PDZ domain-containing protein PICK1 as a binding partner for mGluR7a in vitro as well nal processes ( Figure 6B) . Moreover, double localization as in vivo. The binding of the extreme C terminus of PICK1 clustering may involve two different domains of PICK1. The interaction with mGluR7a involves specifimGluR7a with the PDZ domain of PICK1 induced in CV1 cells the formation of cell surface mGluR7a receptor cally the amino acids K27D28 in the PICK1 PDZ domain. PICK1 is able to homooligomerize via its N-terminal half, clusters colocalizing with PICK1. Immunostaining analysis in cultured hippocampal neurons showed that enand mutation of the K27D28 residues does not disturb its self-association (Staudinger et al., 1997) . This suggests dogenously expressed mGluR7a and PICK1 are concentrated at excitatory synaptic sites. In accordance with that PICK1 self-association may be independent of its interaction with mGluR7a and may allow for the multiin vivo data (Bradley et al., 1996; Shigemoto et al., 1996,  1997 ), neuron transfection with mGluR7a cDNA revealed meric assembly of PICK1 and mGluR7a required for clustering. It is easy to envision coclustering in heteroloclearly the exclusive presynaptic nature of mGluR7a-immunoreactive clusters distributed along axonal progous systems via concatamerization of PICK1 multimers and mGluR7a dimers. However, the mechanisms of recesses, mostly colocalized with the synaptic marker SV2. Deletion of the last 3 amino acids of mGluR7a, ceptor clustering at specific microdomains in neurons are likely to be more complex, and we cannot rule out which eliminates the binding to PICK1, did not disturb the axonal targeting of the receptor but abolished its the involvement of other unidentified proteins that may also bind the extreme C terminus of mGluR7a. synaptic aggregation. This study demonstrates the importance of the last 3 amino acids of mGluR7a for the Although our study presents evidence suggesting that PICK1 is involved in the clustering of mGluR7a in hippopresynaptic clustering of the receptor and suggests that this event is mediated in part through mGluR7a binding campal neurons, it also suggests that other elements are required for the specific aggregation of mGluR7a with PICK1. This study, describing an interaction between a PDZ domain-containing protein and a presynat presynaptic sites. PICK1 has been reported to be enriched at postsynaptic sites in hippocampal neurons aptic receptor, raises the possibility that PICK1 may impact presynaptic metabotropic glutamate function by ( incubated with or without (control) 500 units of peptide N-glycosidase F (pNGase F, New England BioLabs) for 2 hr at 37ЊC in the S. Nakanishi, Kyoto University, Japan) and subcloned in frame into the SalI-NotI sites of pPC97, which contains the GAL4 DNA binding presence of 1% Nonidet P40. Samples were resolved by SDS-PAGE (7.5% acrylamide) and transferred to a nitrocellulose membrane domain. A random-primed library from rat cortex and hippocampus in pPC86, which contains the GAL4 activation domain, was gener-(Amersham). The nitrocellulose membrane was blocked in 5% dehydrated milk in 20 mM Tris-HCl (pH 7.4) containing 0.45 M NaCl and ated as previously described (Brakeman et al., 1997). Each bait was cotransformed with the library in the yeast strain PJ69-4A harboring 0.05% Tween 20 (TBST) and incubated overnight in polyclonal rabbit mGluR7a antibody (1:2000). HIS3, ADE2, and lacZ reporter genes (James et al., 1996), and positive clones were selected on plates lacking leucine, tryptophan, and For immunoprecipitation, about 10 g of affinity-purified rabbit anti-PICK1 antibody was preincubated with 40 l of a 1:1 slurry of histidine. The positive clones were further selected by growing in a medium lacking leucine, tryptophan, histidine, and adenine and were protein A-sepharose for 2 hr at 4ЊC. The protein A antibody complex was centrifuged at 3,000 ϫ g for 2 min, and washed with TE. About then tested for ␤-galactosidase activity using a colorimetric assay. Interacting clones were rescued, retransformed to confirm interac-400 g of the solubilized rat brain membrane protein lysate was then added to the PICK1 antibody-coupled beads, and the mixture tion, and sequenced.
Full-length PICK1 cDNA (Staudinger et al., 1995) cloned into was incubated overnight at 4ЊC. After 3 washes with 1% Triton in TE and subsequent 3 washes in TE, the immunoprecipitates were pPC86 was tested for its interaction with other mGluR C-terminal tails subcloned into pPC97 (mGluR1a: aa 841-1199, mGluR2: aa analyzed by immunoblot. For control experiments, the same procedure was followed except that (1) no solubilized brain proteins were 820-872, mGluR4a: aa 848-912, mGluR6: aa 801-872) and with the distal C-terminal tail of mGluR7a lacking the last 3 amino acids (aa added to the PICK1 antibody-coupled beads, or (2) the solubilized proteins were added to sepharose beads not coupled to PICK1 The fluorescence intensity and size of the endogenous and recombinant mGluR7a clusters were quantified on 129 and 134 clusters antibodies. respectively using Metamorph software. Each coverslip was systematically scanned on a Zeiss Axioskop with a 25ϫ lens and each CV1 Cell Transfection, Coimmunoprecipitation, transfected cell scored for density of recombinant receptor clusters. and Immunostaining A total of 54 and 39 neurons expressing the wild-type and mutant For mGluR7a expression, mGluR7a cDNA in pBS (Okamoto et al., mGluR7a, respectively, were recorded from four independent exper-1994) was digested with EcoRV-SmaI, and the resulting fragment iments. For the images of the transfected mGluR7a receptors, the was subcloned into the SmaI site of GW1, a mammalian expression photographic exposures were chosen to selectively reveal the overvector that uses the CMV promoter. A mutant of mGluR7a lacking expressed receptors. the last 3 amino acids (mGluR7a⌬3) was generated in GW1 using PCR. A two-step PCR strategy was also used to insert an extracellu
